The existing electric power grid is reliable enough to meet everyday needs of U.S. electricity users. However, the grid needs major infrastructure upgrades to meet the rising demands for a reliable, resilient, and secure electricity delivery. Drivers to modernize the grid include increased demand for clean sources of energy, growing number of renewable energy sources on the grid and customer participation in power generation. Smart grid technologies are critical for monitoring, managing and controlling the power grid. Energy storage introduces an important new dimension on the grid, the ability to store electricity at one time and release the stored electricity for use at another time. Flow batteries are one type of energy storage technologies that are well suited for large-scale utility application on the grid. Currently, vanadium redox flow batteries are the most common used utility-scaled flow batteries.
Introduction
The U.S. electric power grid was established in the 19 th century and has gone through many changes especially in the past few decades. The electric grid has grown from what was once a haphazard system designed to serve local needs to a complex electricity network that delivers gigawatts of power from remote electric power generators to millions of residential, commercial, and industrial customers typically concentrated in urban locations.
1,2
The existing electric power grid, as shown in Figure  1 , consists of four main components: generation, transmission, distribution, and the customer. Power generation systems generates electricity from different sources of fuels such as coal, nuclear, gas, hydro, wind and solar. The power produced from generation jumps to higher voltages through power transformers and is then transferred over long distances via high voltage transmission lines. The power reaches and steps down to substations located near demand or load centers where the electricity is reduced to low voltage through transformers and ultimately distributed to consumers and other end users through distribution system. 3 The U.S. electric power grid is undergoing significant changes to meet today's power needs. These changes create many technical challenges that the grid was not designed to meet and are being driven by increased demand for cleaner electricity generation and reduction in human contribution to climate change. Another factor is the changing mix of power generations, including replacement of coal-fired power plants with natural gas power generation and increasing penetration of renewable and distributed energy resources (DERs). Key to todays grid challenges is the customers role from an electricity consumer to electricity producer (commonly coined prosumer), which results in additional demands on the grid system to handle multiple and variable consumer produced loads.
4
The first half of this paper will discuss the drivers for changes and responses for modernizing the power grid.
FIG. 1: The Existing U.S. Electric Power Grid
Components. Taken from Reference 4.
Drivers for Change
Changing the mix of power generation sources and increasing the adoption of clean sources of electricity generation
In recent years, the advent of shale gas has lowered the price of natural gas resulting in an increase of natural gas power generation and retiring of coal-fired power plants. This is part of the ongoing federal policies related to carbon emission reduction that have driven the adoption of new distributed energy resources (DERs) technologies. These technologies include wind power generators, photovoltaic systems, and electric energy storage technologies (EESTs), which are increasingly being integrated on both the transmission and distribution sides of the grid. This approach has shifted the power generation from large-scale, synchronous and remotely located generators to more variable, non-synchronous, and smaller scale generators that require more sophisticated technologies to stabilize the power grid. Since distributed energy resources such as wind and solar are variable sources of power, fluctuations in voltage output with time affects the lifetime of grid system components and accelerates the schedule for maintenance or replacement. These variations in supply on a second-to-minute timescale require frequent adjustment during operation to maintain the voltage and frequency. In addition, these distributed sources of energy produce reversed power flows from overgeneration on the distribution systems resulting an ex-cessive heating of the distribution transformers, which will reduce their lifespan. Therefore, the advent of distributed energy resources such as variable wind and solar generation require new intelligent devices, communication infrastructure, and distribution automation technologies in order to improve their integration and control capabilities on the grid.
4,5
Changing the behavior of electricity consumers Todays electricity customers are consumers and producers. They are increasingly involved in electricity generation in addition to consumption; therefore, sometimes they are called prosumers. 4 This can be seen in the increasing installations of the rooftop photovoltaic (PV) arrays, which has grown from 15,500 in 2004 to more than 600,000 by the end of 2014. 4 The total generation capacity of residential PV today is about 1,460 megawatts (MW), and more than 80% of that capacity was added in the past four years.
4 A major factor for the growing numbers of customers involved in managing and generating electricity is the increasing concern for reliability, resilience, and security of electricity delivery. Another factor for this new trend of customer behavior is the availability of digital and control device technologies that ease the adaptation of new sources of clean energy. State policies have contributed to this by offering incentives to encourage customers to apply energy efficiency practices in daily life and to adopt renewable energy technologies and distributed energy resources as a major source of energy.
4
These drivers of changes in consumer behavior are producing new technologies and operational procedures, ultimately impacting the electric power grid system.
Increasing the integration of smart grid technologies on the grid
New smart grid technologies are being utilized and are significantly important for monitoring, managing and controlling the power grid especially with the growing number of distributed energy resources, as well as the new trend of customer participation in power generation. These smart grid devices are located at the transmission and distribution systems, and at the end users.
4
Smart grid devices on these transmission lines are the phasor measurement units (PMUs). These PMUs provide high-resolution data and measurements of voltage, current and frequency at a rate of 30 to 120 data per second in a specific location 6 . The PMU measurements allow calculation of the phase-angle between current and voltage, and the change in the phase angle between any two locations on the power grid. Large variations in the phase angle with distance indicate the stress on the grid, and the potential for a wide area power outage. One example of the value of phase angle measurements is the northeast blackout in 2003 that affected 50 million people and 61,800 megawatts of electric load.
4 This devastating outage could have been prevented if the new technology such as the PMUs were in place at that time. In general, this event demonstrated the need for advanced software tools to monitor and control the systems operation as well as the need for more reliable system protection measures. PMUs can be foundational for more advanced software tools, i.e., to improve the real time situation awareness software tools to faster than real time and have sufficient predictive capabilities to replace the human operator with automatic control. An example to illustrate this is the southwest blackout in 2011 that led to a cascading outage and 2.7 million people were without power some for up to 12 hours. 4 In this event the speed of human operator was not fast enough to prevent the cascading outage. With new sensors and high-speed advanced communication technologies the automatic system can take action before any power disturbances cascade to wide power outage.
4,6
Similarly, smart grid devices in the distribution system are needed with the increasing penetration of distributed energy resources to ensure reliability and power quality. These smart devices such as Micro-PMUs can interpret data and visualize information as well as predict conditions on the distribution system to ensure the reliability and safety of the system by making faster decisions and actions. Also on the distribution end, smart grid devices such as the smart meter have improved response time to and helped identify potential outages before customers have time to call and complain. New smart technologies are also being deployed at the end users. The advanced metering infrastructure (AMI) technology, which includes smart meters or interval meters and communication and data management systems (DMS) are increasingly being deployed through the distribution system and down to the end users. It is estimated that more than sixty five million smart meters were deployed nationally in 2015. One added benefit of smart meters is that they can help customers manage and monitor daily consumption of electricity.
Integrating electrical energy storage technologies Electrical energy storage technologies (EESTs) play a significant role in modernizing the electric grid. The capabilities of EESTs to store electricity at one time and release the stored electricity for use at another time is a significant improvement over the traditional instantaneous balance between the supply and demand of electricity. They are characterized by their bidirectional response capability to store and discharge electric power on command, which improve the operation capabilities of the electric grid. Without EESTs, electricity generated from conventional and renewable power generators must be instantly consumed by the demand loads. Wind, for example, is often stronger at night than during the day, causing excess night generation to be wasted. This has significant impacts on the operation and cost of the electricity.
4,7
EESTs capability of storing energy and time shifting can address the challenges of increased variability and uncertainty associated with the greater penetration of intermittent renewable power generation on the grid. EESTs are able to minimize the curtailment of power by storing the excess electricity generated from renewable sources such as wind and solar during times of low system load and providing electricity during times of high system load. In addition, energy storage mitigates fluctuations in frequency and voltage outputs from renewable generation, resulting in an increase in power output efficiency and consistency in power quality. Also, with the time shifting ability, energy storage allows utilities to lower the cost of electricity by discharging the energy stored at low-cost, low-demand periods during high cost, high demand periods.
4,7 Energy storage has the ability to act as a capacity credit, extending the life of critical transmission lines and transformers on the grid. Placing storage adjacent to these critical infrastructure components creates buffer that can accept excess electricity or supply additional electricity to operate the transmission line or transformer continuously at its optimal capacity. It is estimated that 70% of transmission lines are 25 years or older, 70% of power transformers are 25 years or older, and 60% of circuit breakers are more than 30 years old. Placing energy storage at older components eliminates variations in the supplied voltage and current, which in turn eliminates congestion, extends lives, and defers replacement of critical infrastructure. By reducing peak loads or overloading on transmission lines and transformers, storage can extend the life of existing assets.
Storage technologies divide into bulk energy technologies and power technologies. Bulk energy technologies are capable of handling large quantities of energy and include pumped hydropower storage (PHS), compressed air energy storage (CAES), and battery technologies, which include lead acid, sodium sulfur, lithium ion, and flow batteries. In contrast, power technologies are capable of handling large quantities of power and include flywheels, superconducting magnetic energy storage, electrochemical capacitors (ECs) and hydrogen energy storage (HES). Each technology has its own performance characteristics that make it suitable for certain grid applications, as shown in Figure 2 . Their suitability is determined primarily by their power and energy capacity, and the rate at which they can store and discharge energy.
The second half of this paper will take a closer look at flow batteries. As shown in Figure 2 above, flow batteries are one of the largest types of energy storage applications for the grid.
FIG. 2: Applications of Electric Energy Storage
Technologies. Taken from Reference 4.
Flow Batteries
Flow batteries differ from the conventional batteries in their ability to scale power and energy ratings independently. This aspect makes them more flexible to design and to apply to different uses. Their energy capacity depends on the size of the tanks that store charged or discharged compounds as liquid electrolytes. Power is defined by the size and design of the electrode cell that charges or discharges the electrolytes. They store and release energy through chemical reduction and oxidation reactions, leading to the short name Redox flow batteries. These batteries consist of liquid positive and negative electrodes placed in tanks separated by a reactor that drives the redox reactions in the positive electrode (catholyte) and the negative electrode (anolyte). A membrane separates the positive electrode from the negative electrode and allows the flow of ionic charges between the tanks.
8,9
NASA invented the redox flow batteries as electric energy storage for long period space flights in 1970s. A F e ( 2+)/F e 3 + halide solution was used as an electrolyte in the positive side and a Cr ( 2+)/Cr 3 + halide solution electrolyte was used at the negative side. The first generation of F e/Cr flow batteries suffered from severe crossover of Fe and Cr ions from the anolyte to catholyte tanks, significantly reducing charge storing performance and lifetime.
In the 1980s, second generations of F e/Cr redox batteries were developed to overcome the contamination problem in which a mixed electrolyte was used for both positive and negative electrolytes. In 1985, the allvanadium redox battery was developed by the University of South Wales, Australia, where the vanadium is enlisted in both catholyte and anolyte. There are several types of redox batteries using different active elements and electrolytes. This paper will focus on vanadium flow batteries (VRB) and the efforts to develop the second generation of VRBs.
8
The components of the VRB are: electrolyte which consists of vanadium dissolved in an acid aqueous solution such as Sulfuric acid; electrode carbon felt; ion exchange membrane to separate the electrolytes liquid; bipolar plate to separate cells stacks; the electrolyte tanks; pumps and pipes. 8 The key element of the VRBs is their redox reaction between different forms of Vanadium ions, as shown in Figure 3 . During the charging process, the V 3 + ions convert to V 2 + ions at the negative electrode by absorbing the electrons. At the same time, the V 4 + ions convert to V 5 + at the positive electrode by releasing electrons. The reaction runs in reverse during the discharging process. The concentration of vanadium ions in the electrolyte solution determines the energy density of the VRBs. The higher the concentration the higher the density is. At full discharge, the VRB has the advantage of the positive and negative electrolytes in the same solution, making the cost of shipping and storing inexpensive and simplifying management of the electrolyte during operations. In addition, the solution of the electrolyte is simple. It consists of vanadium pentoxide powder, sulfuric acid and water. These items are not expensive and the solution can be mobile without causing any harm. Moreover, the sulfur-based electrolyte is not poisonous and has no corrosive vapor. Therefore, VRBs do not need emission or fuel handling license as part of siting cost.
8,9
The self-discharge of VRBs is not an issue since electrolytes are stored in different tanks. The self-discharge only takes place within the reaction cell stacks, which result in an energy loss and heat generation. Therefore, reaction cell stacks are usually placed in higher elevations to the tanks so that when the battery is idle the electrolytes would drain back to the tanks.
8,10
VRBs response time is almost instantaneous, which makes it competitive with other forms of the electrochemical batteries. The factors that limit the batteries discharging time are other components such as pumps or power electronic equipment control. However, the overall response time for the total VRBs are typically only a few seconds. 8 
Conclusion
Modernizing the infrastructure of electric power grid is important to meet the challenges and opportunities of 21st century. The current electric power grid system was designed to provide a reliable and efficient electricity delivery that meets consumers needs at minimum cost. The grid of the future must maintain these characteristics while meeting new requirements including supporting the demand for cleaner sources of energy and reductions in carbon emissions, increasing the penetration of renewable energy generation and electrical energy storage, and enabling consumers to participate and interact with the power grid.
Smart grid technologies are one technology utilized to support this transformation. They are significantly important for managing, monitoring and controlling the power grid, comprising of smart devices and sensors located on the transmission and distribution lines or within the power systems components. The phasor measurement units (PMUs) are an example of smart grid devices on the transmission line while the Micro-PMUs are smart grid devices utilized on electricity distribution system. Advanced metering infrastructure (AMI) is smart devices deployed through the distribution system and at the customer level.
4
Electrical energy storage technologies (EESTs) are critical for grid modernization. Their capabilities to store energy and time shift loads and demands has many benefits including supporting the penetration of intermittent or variable sources of energy, minimizing curtailment of power during times of low system load, and mitigating fluctuations of frequency and voltage outputs from these sources of power generation. In addition, their ability to store electricity and supply it at different locations and times allows for deferring infrastructure upgrades or the construction of additional generation, transmission and distribution assets.
There are many types of electric energy storage technologies, characterized as bulk energy technologies or power technologies. Each technology has its own performance characteristics that make it suitable for certain grid applications versus others.
Flow batteries are one type of energy storage technologies, whose advantage over conventional batteries is the independence of the energy and power ratings. They are suitable for large, utility-scale bulk energy storage for long-duration discharge. Vanadium redox flow batteries are the most common types of flow batteries. They have a simple operational design in which the same electrolyte is used for both the positive and the negative side. The key element of these batteries is their redox reaction be-tween different oxidation states of Vanadium ions. The concentration of vanadium ions in the electrolyte solution determines the energy density. The response time is almost instantaneous, making them competitive with electrochemical batteries. 
